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The organization of nanoparticles in thin film form is an
important element en route to commercially harnessing the
exciting application potential of nanoscale matter. Self-
assembly of nanoparticles synthesized by the colloidal route
on suitable supports is one of the interesting techniques cur-
rently being investigated for realizing such structures. This
article attempts to cover recent developments in this area
with particular emphasis on the methodology developed in
this laboratory for the growth of thin films of colloidal nano-
particles. Some other interesting issues related to
application of surface-modified colloidal particles will also be
addressed.
AS we enter the new millennium, Feynman’s prophesy that
miniaturization would play a key role in future technologies
appears to be coming true due to important
advances in the area of nanoscience1. This is a combination
of many factors, not the least of which is due to the exciting
developments in the area of self-assembly of
nanoscale objects into ordered structures. While the novel
physicochemical and optoelectronic properties of nanopar-
ticles are well-known and understood2,3, c mmercial applica-
tion of nanoparticles would require their organization in thin
film form with effective packaging. This article attempts to
cover some of the recent developments in this so-called
‘bottom-up’ approach to nanoscale architecture4, with bias
towards work emanating from my lab. Some digression to
illustrate interesting applications of surface-modified colloi-
dal particles (which, in some ways, is the most important
step in this bottom-up approach) will hopefully be par-
doned.
  The bottom-up method for forming thin films of nanopar-
ticles consists essentially of two steps. The first step in-
volves the synthesis of the nanoparticles by different
processes and is followed by self-assembly of the nanopar-
ticles on suitable substrates to yield thin films. The colloidal
route for the synthesis of nanoparticles is particularly at-
tractive for the bottom-up methodology for a number of
reasons. Nanoparticles over a range of compositions and
sizes with good control over the monodispersity of the par-
ticle size distribution (PSD) can be easily grown by the col-
loidal method. Another advantage of the colloidal route is
that surface-modification of the nano-
particles may be achieved by solution-based self-assembly
of suitable surfactants. As mentioned earlier, surface-
modification (the term surface-derivatization is often used
interchangeably with surface-modification in the literature)
of colloidal particles is a key ingredient in the
bottom-up recipe, has exciting application potential and will
therefore be dealt with in some detail here. Since this paper
deals with the self-assembly of nan particles synthesized
by the colloidal route, the terms ‘colloidal particle’ and
‘nanoparticle’ will be used interchangeably. This is not
strictly correct in all cases and must be borne
in mind.
Surface-modification of nanoparticles
Brust and co-workers5 demonstrated for the first time that
alkanethiols spontaneously self-assemble on colloidal gold
particles. The process of capping of colloidal particles with
surfactants has come to be called 3-D self-assembly to dif-
ferentiate between the more thoroughly studied 2-D self-
assembly of alkanethiols on gold6,7/
alkylsilanes on silica8,9 surfaces. A strong thiolate bond
between the surfactant and the gold surface (this approach
works equally well with silver and CdS nanoparticles) drives
the self-assembly of the surfactant molecules on the nano-
particles5. The seminal work by Brust et al. has been fol-
lowed by many reports on the 3-D self-assembly of
alkanethiols10–13, aromatic thiols14–18, and alkylamines19 on
gold and silver colloidal particles. Terminally functionalized
thiol molecules may also be self-assembled on colloidal
nanoparticle surfaces16,17,20–24 (Scheme 1) and this enables
facile surface modification of the colloidal particles with
exciting application potential. Scheme 1 illustrates the sur-
face derivatization of colloidal gold and silver particles with
3-D self-assembled monolayers (SAMs) of w-functionalized
thiol molecules and the table in Scheme 1 lists some of the
applications of the different types of terminal functionality
with relevant references.
  What are the possible applications of surface-deriv tized
nanoparticles? One of the interesting applications first in-
vestigated by Brust et al.14 and thereafter studied in detail
by Murray and co-workers is based on the ‘nanofactory’
concept (Scheme 1, Table)14,22–24. More specifically, the reac-
tivities of functional groups anchored to gold colloidal par-
ticles have been investigated in some detail22–24. Nanoscale
curvature contributes to interestinge-mail: sastry@ems.ncl.res.in
RESEARCH AC OUNT
RESEARCH ACCOUNT
CURRENT SCIENCE, VOL. 78, NO. 9, 10 MAY 20001090
molecular packing considerations and has been shown to
play an important role in determining the SN2 reactivity of w -
bromoalkanethiolate molecules tethered to gold nanoparti-
cle cores with primary amines23. Polyfunctionalization of
nanoparticles has also been demonstrated and the interest-
ing possibilities of using such functionalized nanoparticles
are discussed in detail in Templeton et al.24.
  Biologically important molecules may also be anchored to
colloidal particle surfaces and such nanoparticles have po-
tential applications in bio-diagnosis and immunoassays25–27,
in the assembly of nanoparticles28–31 and as luminescent
bio-conjugates for ultra-sensitive biological detection
(Scheme 1, Table)32,33. This approach works on the basis of
biomolecular recognition and is best illustrated with the
well-known biotin–avidin model for ligand– receptor bind-
ing34 (Scheme 2)27. Colloidal gold/silver is first derivatized
with biotin molecules using thiolated biotin27. The advan-
tage of using gold/silver nanoparticles in this application is
n t fortuitous. Colloidal gold and silver solutions have
striking colours (ruby red and bright yellow, respectively)
which arise due to excitation of
surface plasmon oscillations, which occurs in the visible
region of the electromagnetic spectrum35. Th s, the optical
properties are extremely sensitive to surface modification
and capping with biotin molecules leads to a
reducti n in intensity of the plasmon resonance and a shift
to larger wavelengths, a red-shift (see UV–vis spectrum for
gold, Scheme 2). Thereafter if one adds the tetrameric pro-
tein, avidin, to the biotinylated gold/silver colloidal solu-
ion, high-affinity binding of the proteins to the biotin
m lecules occurs and leads to cross-linking of the particles
(Scheme 2). A visible change in colour is observed and is a
consequence of overlap of the plasmon resonances from
neighbouring colloidal particles (Scheme 2)27. It is clear that
suitably surface-modified colloidal gold and silver particles
may be used for colourimetric detection of biological ana-
lytes and one interesting application already demonstrated
is in the differentiation of polynucleotides with base imper-
fections (detection of genetic diseases)25,26.
  In addition to the above applications, surface-
modification also enables stabilization of colloidal particles,
especially when synthesis of the colloidal particles is car-
ried out in an aqueous medium. Capping the colloidal parti-
cles with carboxylic acid or amine functional groups which
may be ionized by controlling the solution pH leads to elec-
trostatic stabilization of the particles in solution (Scheme 1,
Table)16,17. Electrostatic interactions between the charged
colloidal particles and suitable lipid surfaces may also be
used to extract the colloidal particles from solution and or-
ganize them in thin film form. This has formed the main
theme of the research activity from my lab and will be ad-
dressed next.
  As an interesting aside, nanoscale curvature enables
the formation of interdigitated bilayers of surfactants on
colloidal particle surfaces (Scheme 3) and provides a proto-
col for surface modification without the use of
bifunctional molecules. This represents an important
difference between 3-D and 2-D self-assemblies where steric
constraints preclude the formation of such bilayers on pla-
nar (2-D) surfaces36. We have shown that facile amine and
carboxylic acid erivatization of colloidal silver particles
may be achieved by this methodology37,38 and have since
extended it to the biotinylation of colloidal gold using alkyl-
biotin molecules (Scheme 3)39. This approach has been used
for the stabilization of magnetic
fluids recently40.
Self-assembly of surface-derivatized colloidal
particles
Scheme 1.  Diagram showing surface-modification of colloidal
gold/ silver particles with w -functionalized thiol molecules. The table
lists some applications of surface-modified colloidal particles with
corresponding references from the literature.
Au/Ag
Au/Ag
Scheme 2.  Diagram showing the cross-linking of colloidal Au/Ag
particles due to a molecular recognition process. Antibodies are an-
chored to the colloidal particle surface and cross-linking occurs via
the antibody–antigen interaction, thus leading to a large change in
the optical properties of the solution (see UV–vis spectrum of Au in
the Scheme).
Au/Ag
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Different approaches have been investigated for the orga-
nization of nanoparticles in thin film form. Some of the more
prominent nanoparticle film formation methods
include, (1) self-assembly by simple solvent evapora-
tion5,12,41–43; (2) covalent attachment to suitably modified
surfaces44–49; (3) using molecular recognition events for self-
assembly31; and (4) organization at the air–water (using hy-
drophobized colloidal particles)50–52 and water–organic solu-
tion interfaces53,54 and formation thereafter of superlattice
films by the Langmuir–Blodgett (LB) technique. As men-
tioned above, we have primarily concentrated on using elec-
trostatic interactions between charged colloidal particles
(the charging accomplished by derivatization with ionizable
carboxylic acid and amine functional groups) and ionizable
lipid molecules in film form to organize the colloidal parti-
cles. Electrostatic interac ions, which have long been
known to play an important role in biological and chemical
processes55 have only
recently been investigated for the growth of multilayer
polyelectrolyte56,57 and nanoparticle–polyelectrolyte films58
as well as micron-sized objects59.
  Two techniques have been investigated in some detail in
this laboratory for the growth of thin nanoparticle films and
are based on (1) electrostatic self-assembly at the air–water
interface with charged Langmuir monolayers, and (2) elec-
trostatically controlled diffusion into thermally evaporated
fatty lipid films.
Electrostatic complexation of colloidal nanoparti-
cles with charged Langmuir monolayers at the
air–water interface
The air–water interface has long been recognized to be
an excellent medium for the organization of inorganic ca-
tions using charged amphiphilic monolayers (Langmuir
monolayers)60. This approach has now been extended to
the organization of large inorganic anions61–63 and biological
macromolecules as well64,65. It is clear from the above that
electrostatic interaction between the ions/
macromolecules in solution and charged lipid Langmuir
monolayers drives the organization at the air–water inter-
face. Proceeding in this spirit, we have demonstrated that
colloidal nanoparticles, which may be charged using sur-
face-bound ionizable groups, may also be electrostatically
bound to charged Langmuir monolayers36,38,66–71. Moreover,
the nanoparticle organizates can be transferred onto suit-
able substrates and superlattice structures formed by the
elegant LB technique36,38,66–71, as illustrated in Scheme 4. As
an example, the immobilization of carboxylic acid der vatized
silver colloidal particles at octadecylamine (ODA) Langmuir
monolayer surfaces and formation of LB films is described.
  Silver colloidal solution was prepared by borohydride
reduction of Ag2SO4 solution and the resulting particles
capped with a bifunctional molecule, 4-carboxythiophenol
(4-CTP)17,67. The 4-CTP molecules chemisorb on the silver
colloidal particle surface, this process derivatizing the sur-
face with carboxylic acid groups. Under basic conditions
the carboxylic acid groups are ionized and this leads to
long-term stability of the colloidal solutions17. ODA mole-
cules were dispersed on the surface of the colloidal solution
held at different pH values and complexation of the colloidal
particles with the ODA Langmuir monolayer followed as a
function of time of spreading the monolayer. This is con-
veniently done by measuring the pressure–area (p –A) iso-
Scheme 3.  Surface modification of colloidal nanoparticles via
interdigitated bilayer formation. The various steps in the surface-
modification procedure are illustrated.
Scheme 4.  Diagram showing the electrostatic immobilization of
carboxylic acid derivatized colloidal n noparticles at the air–water
interface with positively charged ODA molecules and transfer there-
after of the nanoparticle monolayer onto suitable substrates by the
LB echnique.
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therms72 with time and is shown for the ODA–silver colloi-
dal particle complexation process in Figure 1.
The solid lines refer to the isotherm measured immediately
after spreading the ODA monolayer (t = 0 min) and the
dashed lines are the isotherms measured 90 min after
spreading. It is clear that the area/ODA molecule increases
with time for the Langmuir monolayer of silver colloidal so-
lution at pH = 9 (Figure 1 a) and also that no expansion of
the monolayer is observed when the colloidal solution sub-
phase is at pH = 12 (Figure 1 b). At pH = 9, both the ODA
molecules and the carboxylic acid groups on the colloidal
particle surface are fully ionized, leading to maximum attrac-
tive electrostatic interaction and a large increase in the
Langmuir monolayer area with time
(Figure 1 a). On the other hand at pH = 12, the ODA mole-
cules are un-ionized and in the absence of the
electrostatic driving force, no complexation occurs and the
p –A isotherms are relatively unchanged with time (Figure
1 b). The complexation process is quite slow and equilibrium
nanoparticle density at the air–water interface is achieved
only after 12 h of spreading the Langmuir monolayer68. It is
clear from Figure 1 that electrostatic interactions play a cru-
cial role in the complexation process. By simple variation of
the colloidal solution pH, it is possible to modulate the elec-
trostatic interaction between the colloidal particles and the
Langmuir monolayer and thus vary the nanoparticle con-
centration at the air–water interface. This has been demon-
strated for a number of other colloidal particle systems such
as gold66,69 and CdS quantum dots71 a  well.
  The formation of superlattice films of the colloidal parti-
cles organized at the air–water interface was effected by the
LB technique. This is a simple (and versatile) technique
wherein a solid support is slowly immersed in the Langmuir
monolayer covered trough and withdrawn (Scheme 4)60.
Each immersion cycle enables transfer of a bilayer of the
Langmuir monolayer and in this fashion, superlattices of the
colloidal silver particles were grown on different substrates
and analysed using a host of techniques. Figure 2 shows a
plot of the quartz crystal microgravimetry (QCM)73 mass
uptake measured as a function of the number of monolayers
of silver colloidal particles in the film. These measurements
were performed for films grown from colloidal solution sub-
phases held at different pH values. It is observed from Fig-
ure 2 that the mass uptake increases linearly with increasing
film thickness (number of monolayers transferred) indicating
that the integrity (in terms of particle density) of the nano-
particle assembly at the air–water interface is maintained on
transfer to the solid substrate. This is an extremely impor-
tant requirement for commercial application of the nan par-
ticle thin films. The mass uptake is considerably larger for
the pH = 9 case, indicating that the silver particle density in
the films is higher than at pH = 12. Figure 3 a shows a plot
of the UV–vis spectra recorded from LB films of the silver
particl s transferred onto quartz substrates from the pH = 9
colloidal subphase. A strong resonance is seen at ca.
460 nm and is due to excitation of surface plasmon oscilla-
tions35. The inset in Figure 3 a show plots of the plasmon
resonance intensity as a function of the number of mono-
layers in the film for LB films grown from both the pH =9
and pH = 12 colloidal subphases. It is seen that the inten-
sity of the plasmon resonance increases
linearly with the number of monolayers transferred at pH= 9
while the silver particles were below detection limits for the
pH =12 case. The mass uptake observed in the QCM stud-
ies at pH = 12 (Figure 2) is thus attributed to transfer of the
ODA monolayer alone without the colloidal silver particles.
  An estimate of the thickness of the monolayers of the
colloidal particles was made using optical interferometry.
The film thickness as a function of the number of monolay-
ers transferred from the pH = 9 subphase is shown in
Figure 3 b. It is seen that a linear increase in film thickness
occurs indicating that in addition to the cluster density in
Figure 1.  p –A isotherms of ODA monolayers spread on carboxylic
acid derivatized colloidal silver solution at (a) pH = 9 and (b)
pH = 12, recorded as a function of time of spreading the mo olay r
(solid line, t = 0 min and dashed line, t = 90 min).
ba
F gure 2.  QCM mass uptake recorded as a function of number of
monolayers of carboxylic acid silver colloidal particles transferred
from different pH subphases onto the quartz crystal. The solid lines
are nonlinear least squares fits to the QCM data.
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the films being constant during each transfer cycle number,
the film grows in an essentially lamellar fashion. The slope
of the curve in Figure 3 b yields a thickness increment to the
film of ca. 105 Å/monolayer. The ODA bilayer thickness is
ca. 50 Å from which a cluster diameter of 56 Å is calculated.
This value is marginally less than the value of 70 Å obtained
by an electron micros opy analysis of the colloidal solution
and together with infrared measurements, indicates some
disorder in the chains.
  To conclude this section, it has been shown that surface-
modified colloidal particles may be electrostatically self-
assembled at the air–water interface and that l mellar su-
perlattice films can be grown by the LB technique. The elec-
trostatic interaction (and thereby, the nanoparticle density
in the films) between the colloidal particles and the charged
Langmuir monolayer may be controlled by simple variation
of the colloidal solution pH. This technique shows promise
for growing hetero-colloidal particle superlattice structures
(such as alternating gold and silver nanoparticle layers)74
which are currently realized using self-assembly of nanopar-
ticles with a dithiol cross-linking molecule49.
Formation of colloidal nanoparticle–fatty lipid
composites by electrostatically controlled
diffusion process
The origin of this approach towards the assembly of sur-
face-modified colloidal particles may be traced to the early
work carried out in this lab on the spontaneous self-
organization of thermally evaporated fatty acid films on im-
mersion in a suitable electrolyte solution75. It was
observ d that exchange of the carboxylic acid protons in
the fatty acid film with cations from the solution leads to
organization of the film into a c-axis oriented structure,
similar to that obtained by the LB technique. Carrying this
technique a little further, we have demonstrated that
charged colloidal particles may also be incorporated into
hermally evaporated fatty lipid films via selective electro-
static interactions37,76–80.
  Scheme 5 illustrates the methodology used in this app-
roach. Negatively charged colloidal particles (charging a-
complished by ionizing surface-bound carboxylic acid
groups, for example) are incorporated into thermally evapo-
rated fatty amine films, such as ODA, by simple immersion
of the films in the colloidal solution. Under appropriate con-
ditions of the solution pH, the electrostatic interaction be-
twee  the negatively charged colloidal particles and
p sit v ly charged ODA matrix can be maximized to drive
the diffusion of the colloidal particles into the films (Scheme
5). This results in a anocomposite film and in the case of
diffusion of colloidal gold and silver particles, the cluster
incorporation can be observed by the unaided eye in the
form of colouration of the film, the intensity of which in-
creases with time.
  The process of cluster diffusion into thermally eva-
porated fatty amine films is easily studied using QCM. Fig-
ure 4 shows the mass uptake of a 500 Å thick ODA during
immersion in carboxylic acid derivatized colloidal gold solu-
tions held at different pH values. The size of the gold parti-
cles in this experiment is 130 Å, the synthesis and capping
of which are described in detail in ref. 80. It is observed that
the cluster density in the films is much higher in the case of
films grown from pH = 7 solution than those grown from
higher and lower pH solutions. This may be explained in
terms of the degree of ionization of the colloidal surface-
bound carboxylic acid groups and the amine groups in the
thermally evaporated film which is modulated by varying
the solution pH and clearly indicates that electrostatic inte-
actions drive the cluster diffusion into the lipid matrix.
Figure 3.  a, UV–vis spectra recorded from the silver colloidal
particle LB films as a function of thickness of the films. The number
of
monolayers (ML) of the colloidal particles transferred onto quartz is
indicated next to the respective curves. The in et shows a plot of the
intensity of the plasmon resonance with thickness of silver particle
LB film for the films grown from the pH = 9 and 12 subphases; b,
Thickness of LB films of colloidal silver particles estimated from
optical interferometry measurements as a function of number of
monolayers transferred at pH = 9.
ba
Scheme 5.  Diagram showing the diffusion of carboxylic acid de-
rivatized colloidal particles into thermally evaporated ODA films by
a simple beaker-based immersion process.
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  Figure 5 shows the QCM mass uptake kinetics for a 500 Å
thick ODA film immersed in colloidal gold solutions of dif-
ferent particle sizes. It is observed that the cluster diffusion
is extremely rapid in the case of the smallest gold particles
(20 Å diameter) and slows down as the particle size in-
creases. In order to quantify the cluster movement into the
thermally evaporated lipid films, the QCM mass uptake data
was analysed in terms of a 1-D diffusion model. The mathe-
matical details of the model and its connection to the QCM
mass uptake kinetics have been dealt with in detail in refs
77, 79, 80 and will not be dealt with here. The parameters of
interest are the cluster diffusivity and the concentration of
the co loidal particles at the film-solution interface (at x = L,
Scheme 5). These parameters were left free in a nonlinear
least squares fit to the QCM data in terms of the 1-D diffu-
sion model and are listed in Table 1. These parameters have
been determined from an analysis of the QCM data shown
in Figures 4 and 5 where the solution pH (and consequently
the magnitude of the electrostatic interaction) and the gold
particle size have been varied. Th  main features of the
analysis are that the smaller colloidal particles do indeed
have larger diffusivities (D, Table 1), as was evident from
the QCM mass uptake data shown in Figure 5, and that
there is a large increase in the colloidal particle concentra-
tion (C0, Table 1) at the film–colloidal solution interface. In
fact, the cluster concentration at the interface is nearly 3–5
orders of magnitude greater than the nominal cluster con-
centration in the bulk of the colloidal solution. This is an
interesting result and is similar to the large enhancement of
the counterion concentration observed for small inorganic
ions complexed with charged Langmuir mono-
layers81. Attempts to understand the complexation of large
ions with charged surfaces in terms of a Poisson–Boltz-
mann–Stern formalism are currntly in progress82,83 and
there is scope for further theoretical input here.
The variation in the equilibrium colloidal particle volume
fraction with solution pH was investigated for 500 Å thick
ODA films immersed in the gold colloidal solutions of dif-
ferent sizes (Figure 6). The variation in pH at which
maximum cluster incorporation occurs as well as the width
Figure 5.  QCM mass uptake kinetics data of 500 Å thick ODA
films immersed in carboxylic acid derivatized colloidal gold solutions
of different particles sizes. The solid lines are based on a 1-D diffu-
sion analysis of the QCM data.
Figure 4.  QCM mass uptake kinetics data of 500 Å thick ODA
films immersed in carboxylic acid derivatized colloidal gold solutions
held at different pH values (the values are indicated next to the cor-
responding curves). The solid lines are based on a 1-D diffusion
analysis of the QCM data.
Table 1.  Parameters based on a 1-D diffusion model obtained from
fits to the QCM mass uptake data of gold colloidal particles in
thermally evaporated octadecylamine films
Experiment
C0 ´ 10
18
(clusters/cm3)
D ´ 104
(Å2/h)
A.  Film thickness = 500 Å (950 Å)a
     Sol 1 (130 Å size Au)
pH = 5.2 0.08 1.3
pH = 6.0 0.15 1.2
pH = 7.0 0.21 1.2
pH = 11.2 0.07 0.9
B.  Hydrosol pH = 7.0
     Sol 1 (130 Å size Au)
Thickness = 250 Å (520 Å)a 0.25 0.5
Thickness = 500 Å (950 Å)a 0.21 1.2
Thickness = 1000 Å (1900 Å)a 0.20 1.8
C.  Film thickness = 500 Å
Sol 1/130 Å gold (950 Å, pH = 7)a 0.21 1.2
Sol 2/40 Å gold (1100 Å, pH = 8.5)a 10.37 2.5
Sol 3/20 Å gold (1300 Å, pH = 8.5)a 400 6.4
aThe numbers in parentheses are the values of the film thickness used
in the 1-D diffusion calculations.
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of the curves (the data were fit to Lorentzians) with particle
size are shown in the inset. It is seen that the pH at which
maximum cluster uptake occurs is a strong function of the
particle size, or in other words, the curvature of the parti-
cles. Increasing surface curvature, as would occur for the
small gold particles, leads to reduced interaction between
the surface-bound carboxylic acid groups (Figure 6 and
inset) and affects the ionization constant84. We have al-
ready seen how surface curvature enables
formation of interdigitated bilayers on colloidal particles
(Scheme 3) and this is another instance of the role played
by nanoscale curvature affecting, in this case, the reacti-
vity of terminal functional groups.
  Figure 7 shows a parallel UV–vis study of 130 Å gold
colloidal particle diffusion into 500 Å thick ODA films as a
function of time of immersion. Figure 7 a shows the spectra
recorded for the films ex- itu while Figure 7 b shows the
spectra recorded in the colloidal solution. There is a steady
increase in the plasmon resonance of gold with time (which
occurs at ca. 575 nm for the films in air and 530 nm for the
films in solution) and indicates that the particle density in-
creases in the films. What is interesting is that values of the
plasmon resonance wavelengths are different in the films in
air and in solution. This indicates that the films in solution
swell (this also establishes a mechanism for cluster diffu-
sion into the films) and as a consequence, the effective re-
fractive index of the medium in which the particles are
embedded is less than that of the film in air. This shift may
thus be rationalized in terms of an effective medium Mie
theory35.
  The diffusion of 130 Å gold colloidal particles into a 500 Å
thick ODA film was also followed with Fourier Transform
Infrared (FTIR) Spectroscopy and the spectra obtained with
time ar  shown in Figure 8. The methylene antisymmetric
and symmetric vibrational modes at 2920 and 2850 cm–1 are
sh wn in Figure 8 a. It is observed that the intensity of
these peaks reduces with time but remains at the same fre-
quencies. This indicates that the orientation of the hydr-
carbon chains is randomized as the particles diffuse into the
ODA matrix. The –NH2 antisymmetric vibration at ca.
3300 cm–1 is shown in the inset of Figure 8 a and the inten-
sity of this peak steadily decreases with time without a shift.
Figure 6.  Equilibrium percentage volume fractions of colloidal gold
particles of different sizes incorporated into 500 Å hick ODA films
as a function of colloidal solution pH. These values were estimated
from QCM measurements. The inset gives a plot of the pH at which
maximum particle uptake occurs and the width of the fitted Lor-
entzian curves as a function of colloidal particle size.
Figure 7.  a, UV–vis spectra measured ex-situ of 130 Å colloidal
gold–ODA composite films as a function of time of immersion of
the ODA film in the colloidal solution (the time of immersion is
indicated next to the corresponding curves); b, UV–vis spectra meas-
ured in-situ of 130 Å colloidal gold–ODA composite films as a func-
tion of time of immersion of the ODA film in the colloidal solution
(the time of immersion is indicated next to the corresponding
curves). The inset shows a plot of the variation of the surface plas-
mon resonance intensity with time of immersion of the films shown
in the main part of Figure 7 b.
ba
Figure 8.  FTIR spectra recorded as a function of time of immer-
sion of 500 Å thick ODA films in 130 Å colloidal gold solution in the
range of (a) the methylene antisymmetric and symmetric vibrations
(inset s ows the corresponding spectra in the amine antisymmetric
vibration mode region) and (b) the methylene scissoring vibrations.
ba
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Thus, the interaction between the colloidal particles and the
ODA matrix is weak and in this sense, differs from salt for-
mation in amines where a large shift in this vibrational mode
has been observed85. Figure 8 b shows the methylene sci-
soring bands at 1465 and 1472 cm–1. The splitting of these
bands is a sensitive indicator of the crystalline environment
of the hydrocarbon chains86. It is seen from the figure that
the splitting in
the bands decreases as the cluster density in the films
increases, suggesting decrease in the packing density of
the ODA hydrocarbon chains. The FTIR data shown in Fig-
ure 8 are consistent with a randomization of the ODA mole-
cules due to electrostatic coordination with the negatively
charged carboxylic acid groups on the colloidal particle sur-
face. This leads to the formation of an ODA surfactant
sheath around the particles and has been used to render the
particles hydrophobic and thus soluble in non-polar organic
solvents87.
  Thus, it has been shown that electrostatically controlled
diffusion of colloidal nanoparticles can be achieved by a
simple beaker-based approach and that the composition of
the nanocomposite films can be tailored by variation of the
colloidal solution pH. This method has been successfully
applied to silver nanoparticles79 and quantum dot CdS (ref.
77) colloidal particles as well and has been extended to the
encapsulation of biomacromolecules such as proteins very
recently88,89. There is much scope for application of this
technique in assembling biological molecules and this is
currently being explored in our laboratory.
Conclusions
A very brief overview of the recent developments in the
area of self-assembly of colloidal nanoparticles has been
attempted and the results of the research efforts from my
laboratory on the use of electrostatic interactions in the
formation of nanoparticle thin films addressed in some de-
tail. Some of the open questions in this area have been dis-
cussed. Possible applications of surface-modified colloidal
particles currently being pursued by different research
groups have been mentioned.
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